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Liana Marie Agrios 
 
Using U-Pb dating of detrital zircons to determine major ice stream flow history in the 
Weddell Sea Embayment, Antarctica 
 
Tills from major ice streams (Institute, Foundation, Academy, Recovery, and 
Slessor) of the Weddell Sea Embayment contain detrital zircons with distinct U-Pb age 
populations that can be used as a provenance tool to better understand ice stream 
dynamics. U-Pb ages of detrital zircons were measured in 21 samples of onshore till, 
erratics, and bedrock of potential source rocks, and 12 samples of offshore till. Grains 
were analyzed by LA-ICPMS at the University of Arizona (n=5447). Relative probability 
U-Pb age density plots of till in moraines along the Institute Ice Stream have dominant 
Grenville (1070 Ma) and secondary Ross/Pan-African peaks (560 Ma, 630 Ma). The 
Foundation and Academy show prominent Ross/Pan-African peaks (500-530 Ma and 
615-650 Ma). The Recovery transports zircons with prominent 530 Ma and 635 Ma peaks 
along the southern margin, and 1610 and 1770 Ma along the northern margin. The 
Slessor carries zircons with prominent populations at 1710 Ma and secondary 2260-2420 
Ma.  
 U-Pb ages in zircons from offshore till samples show a general trend of fewer 
Mesozoic ages from west to east. The western most core, PS 1423, has dominant Jurassic 
populations while cores 1197 and 1278 have a high proportion of early Ross/Pan-African 
ages relative to Grenville ages. The similar zircon age distributions between PS 1278 and 
the Foundation Ice Stream tills suggest that the Foundation switched to an easterly flow 
path around Berkner Island (BI) at some point during the LGM. In the eastern Weddell 
Sea (PS 1400), there was a near absence of Proterozoic zircon age populations carried by 
 vi
the Slessor and northern side of the Recovery. Another unexpected find was a lack of 
Grenville ages in PS 1423 relative to the Institute tills. 
 The U-Pb data in this study provides a basis for two possible LGM ice flow 
reconstructions. In the first, the Institute flowed west around the unnamed isolated 
bedrock highs, deposited tills between PS 1423 and PS 1197, providing a westerly flow 
path around BI for the Foundation. In the second, the Institute flows over the subglacial 
topography and deposited till closer to PS 1197, forcing the Foundation east around BI.  
 
Kathy J. Licht, PhD, Committee Chair 
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Introduction 
 
The Antarctic Ice Sheet (AIS) has immense potential to affect global sea level 
rise, however, a great deal of uncertainty surrounds how the ice sheet will respond to 
rising temperatures. One of the most poorly understood responses is the future mass loss 
of ice from the continent (Moore et al., 2013). Consequently, attention has been focused 
on the West Antarctic Ice Sheet (WAIS) because this is where most of the mass from the 
continent is currently being lost and has long been predicted as being susceptible to 
collapse (Mercer, 1978; Wingham et al., 2006). The Weddell Sea Embayment (WSE) is 
of particular interest because glaciers, ice streams and ice shelves flowing into the WSE 
drain about one fifth of Antarctica’s continental ice volume (Hillenbrand et al., 2014) and 
it is one of the main formation sites for Antarctic Bottom Water, the coldest and densest 
water in the oceans that is a key driver of global ocean currents (Hillenbrand et al., 2014). 
Despite the impact that changes in the WSE ice can have on the sea level budget and 
global ocean current circulation, this region can arguably be considered as one of the 
least well-studied sectors of the continent (e.g., Sugden et al., 2006; Wright et al., 2008).  
It is important to improve our current state of knowledge of the WSE’s response 
to future climatic conditions because changes in this sector, specifically in ice shelves 
along the coast, can alter the mass balance of the continent and have repercussions 
extending up into areas where more ice is stored. Accelerated glacier discharge is already 
occurring in West Antarctica. Over the past 40 years, the Amundsen Sea Embayment has 
experienced a 77% increase in total ice discharge likely because its buttressing ice 
shelves are melting and grounding line positions of many glaciers are retreating 
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(Mouginot et al., 2014). Mercer (1978) first proposed the marine ice sheet instability 
hypothesis and argued that since the WAIS is grounded below sea level and sits on a bed 
with a reverse slope, it is inherently unstable and subject to rapid disintegration if ice 
shelves that buttress the discharge of inland ice are compromised. The Ronne Ice Shelf is 
fed by the WAIS, receives discharge from numerous ice streams including the Institute 
and Foundation, and is susceptible to such a scenario given its reverse-slope bed 
topography (Figure 1a).  
Although the Filchner Ice Shelf is a part of East Antarctica and drains ice from 
the Foundation, Recovery, and Slessor Ice Streams, climate modeling suggests that this 
ice shelf is also susceptible and could potentially be weakened by ocean warming 
(Golledge et al., 2016). Given that both the Ronne and Filchner ice shelves buttress major 
ice streams in the WSE, learning more about the future fate of ice stream drainage basins 
is imperative. 
Sparse datasets have been the primary obstacle to uncovering the past and modern 
behavior of the WSE. As a result, ice sheet reconstructions over the past 20,000 years 
show major discrepancies leading to varying estimations of sea level equivalent volume 
of LGM ice sheet buildup ranging from 1.4-3 m to 13.1-14.1 m. (Bassett et al., 2007; Le 
Brocq et al., 2011). The lack of agreement between marine and terrestrial data have led to 
two disparate primary models for ice sheet extent and grounding line position in the WSE 
during this time: (1) a grounding line that extended to the continental shelf break, which 
resulted in a thick ice sheet that covered the entire continental shelf (Huybrechts, 2002; 
Bassett et al., 2007; Pollard and Deconto, 2009; Golledge, 2012) or (2) one similar to 
present-day or covered by a thin ice sheet that grounded across only the shallower parts 
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of the continental shelf, leaving the grounding line in a position of minor advance relative 
to today (Bentley et al., 2010; LeBrocq et al., 2011; Whitehouse et al., 2012). There is 
undoubtedly a need to constrain behavior of the ice sheet in this region to facilitate 
improvement of LGM to Holocene reconstructions, and to more accurately predict how 
the WSE, and the AIS as a whole, will respond to warming temperatures. Since the ice 
sheets severely limit direct sampling of sediment that can be used to reconstruct ice 
history, multi-proxy provenance studies are employed to maximize what can be learned 
from available glacial sediments (Licht and Hemming, 2017). Provenance studies using 
onshore till deposited in moraines, offshore till, and ice-rafted sediments can help further 
deduce past ice flow paths, as well as periods and sources of maximum iceberg 
production. Previous provenance work on till and glacial marine deposits in the Weddell 
Sea has mainly utilized heavy mineral assemblages, 40Ar/39Ar ages of detrital minerals, 
and Sm-Nd isotopes (e.g., Diekmann and Kuhn, 1999, Roy et al., 2007).  
Provenance work is more developed in the Ross Sea sector than the WSE because 
of its relative accessibility, higher proportion of exposed rock, and greater number of 
seafloor cores. U-Pb dating of zircons in glacial tills, in particular, has led to many 
advances in understanding ice sheet history. For instance, detrital zircon geochronology 
facilitated differentiation between sediments deposited beneath ice flowing from East and 
West Antarctica (Licht et al., 2014). A combination of sand petrography and U-Pb zircon 
geochronology from tills was used to reconstruct the LGM ice flow path for the major 
outlet, Byrd Glacier (Licht and Palmer, 2013). The addition of zircon as a provenance 
tracer has helped create more dependable models of Ross ice sheet configurations during 
the LGM (Golledge et al., 2013), and ultimately of the sector’s response to future climate 
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change. Thus, it would be beneficial to adopt a similar approach in the WSE and add 
zircon to current provenance techniques.  
 This paper reports results from a study of detrital zircons from onshore and 
offshore tills from the WSE used to fingerprint detritus transported by the Institute, 
Foundation, Academy, Recovery, and Slessor Ice Streams (Figure 1). Since till was 
absent from the Evans, Rutford, and Support Force Ice Streams, zircon ages from these 
locations are not included in this study. Fingerprints from till can reveal new tracers for 
the WAIS, discriminate ice flowing from East and West Antarctica, and provide a 
window into the composition of hidden subglacial geology. 
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Geologic Setting and Background 
 
Antarctica contains scattered exposed bedrock along the Transantarctic Mountains 
(TAM) that act as the divide between East and West Antarctica. In the WSE, they include 
the Pensacola Mountains, the Whichaway Nunataks, and the Shackleton Range (Figure 
2). The other prominent bedrock exposure in the WSE is the Ellsworth Mountains, which 
are roughly orthogonal to the Transantarctic Mountains (Figure 2.) The northern most 
part of the continent, the Antarctic Peninsula, also contains bedrock exposures. The 
contrasting bedrock geology and structural histories of East and West Antarctica and the 
Antarctic Peninsula influence the composition of till that the major ice streams transport 
and the bedrock topography influences preferred ice flow pathways. 
The Ellsworth Mountains are a major range in the catchment of the Institute Ice 
Stream and are composed of 13,000 m of Cambrian-Permian sediments on a Grenville-
age basement (Figure 1c) (Craddock et al., 2016). Further to the east, most of the rock 
exposures in the Institute Ice Stream are isolated nunataks of Grenville age or are Jurassic 
granitic intrusions formed from the breakup of Gondwana. West Antarctica adjoins to the 
East Antarctic craton and is separated by the Transantarctic Mountains, which record 
both the major Grenville (1300 – 900 Ma) and Ross-Pan/African (680-480 Ma) orogenic 
events. These episodes of plutonism and deformation had a variable impact on different 
regions of the TAM and are reflected in the zircons of these rocks (Collinson et al., 
1994). 
The southernmost part of the TAM in this study is the Pensacola Mountains, 
which are situated inland from the southern coast of the Ronne-Filchner Ice Shelf.  The 
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mountain range is about 375 km long, and contain a late Neoproterozoic to late Paleozoic 
sedimentary and magmatic succession (Figure 1c) (Stump, 1995; Storey et al., 1996; 
Rowell et al., 2001). The Foundation and Academy Ice Streams cut through the 
Pensacola Mountains. Further east, the Whichaway Nunataks, which outcrop along the 
southern margin of the Recovery Glacier (Figure 2c), expose the sandstone-dominated 
Whichaway Formation of the Beacon Supergroup with basaltic intrusions (Stephenson, 
1966). On the north side of the Recovery Glacier, the Shackleton Range is devoid of the 
Beacon Supergroup and contains eroded basement rocks (Sugden et al., 2014). These 
east-west oriented mountains extend for about 170 km and have contrasting north-south 
bedrock geology consisting of late Proterozoic to Carboniferous sediments resting on the 
Precambrian igneous and metamorphic rocks of the Shackleton Range Metamorphic 
Complex (Figure 1d) (Clarkson, 1972). In contrast, the Antarctic Peninsula is composed 
of sedimentary rocks of Late Paleozoic and Early Mesozoic age, volcanic and plutonic 
rocks of Mesozoic age, and basaltic and volcaniclastic rocks of Late Cenozoic age (Faure 
and Mensing, 2010). 
The bedrock of the Transantarctic and Ellsworth Mountains has been eroded into 
overdeepend troughs along preexisting fluvial valleys; this is where present-day ice 
streams now flow (Hein et al., 2011; Sugden et al., 2014). The Slessor and Recovery 
Glaciers flow in troughs as deep as 2000 m below sea level on the north and south sides 
of the Shackleton Range (Figure 1a) and are thought to have been confined to their 
current configuration for at least the past 14 Ma (Sugden et al., 2104). The modern 
Foundation Ice Stream follows a trough around the western margin of the Pensacola 
Mountains and as it enters the Ronne Ice Shelf, it flows west of Berkner Island. The 
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Foundation Ice Stream drains ice from both West and East Antarctica, and has been 
postulated by Whitehouse et al. (2017) to have switched to an easterly flow path around 
Berkner Island during the last glacial advance. Downstream, the Thiel/Crary Trough 
exceeds depths of 1500 m below sea level to the east of Berkner Island (Figure 1). The 
Institute Ice Stream flows through the Ellsworth Trough tributary and Robin Subglacial 
Basin, which are thought to be stable and ancient (Siegert et al., 2016). The ice streams 
currently terminate in grounding lines on the inner Weddell Sea continental shelf. The 
shelf, which contains three main landward dipping seafloor troughs (Figure 1), is where 
the ‘offshore’ tills analyzed for this study were deposited by expanded, grounded ice 
during the LGM (Hillenbrand et al., 2012). 
Although onshore and offshore evidence around the continent indicate that ice 
streams expanded and thickened in their respective subglacial troughs during the LGM, 
the extent of grounding lines and changes in ice thickness in the WSE are not well 
understood (Bentley, 1999). Areas of the ice sheet that are thought to have experienced 
thickening are around the Ellsworth and Pensacola Mountains. Cosmogenic surface 
exposure ages from the last glacial maximum suggest thickening of 230-480 m in the 
Ellsworth Mountains, and 400-500 m in the Thomas and Williams Hills (Bentley et al., 
2010; Balco et al., 2016). In the Shackleton Range, LGM surface exposure ages were 
found only at or near the modern ice margin, indicating the Slessor and Recovery 
Glaciers were not significantly thicker than today (Hein et al., 2011). Hein et al. (2011) 
only reported potential minimal thickening of 100 m at Mt. Provender in the Shackleton 
Range. This relatively minor ice sheet build-up in the eastern WSE (e.g., Hillenbrand et 
al., 2014; Hein et al., 2011), is perplexing given that the mouth of outlet glaciers in the 
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Ross Sea sector experienced up to 1000 m of LGM thickening (Hall et al., 2013). 
Currently, evidence does not provide consistent thickening estimates across the WSE and 
does not clearly resolve the position of the grounding line during the LGM. 
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Sample Location and Methods 
 
This study used a combination of onshore and offshore till samples, pebbles, 
erratics and bedrock samples to characterize, or “fingerprint,” sediment from major ice 
streams (Tables 1, 2 and 4). Offshore till samples located on the continental shelf in front 
of the Ronne and Filchner Ice Shelves are from four cores collected by the German 
Polarstern research vessel and described in Haase (1986) and Hillenbrand et al. (2012). 
In 2014, 22 onshore till samples were collected from moraines in the Patuxent Range 
adjacent to the Foundation Ice Stream (FIS) (Figure 2b-c), in the Neptune Range adjacent 
to the Academy Glacier (Figure 2b), and at the Whichaway Nunataks and Shackleton 
Range adjacent to the Recovery Glacier (Figure 2d) (Table 1). The site of an additional 
till sample in the Shackleton Range adjacent to the Slessor Glacier is described in Hein et 
al. (2011). R. Vieira (Brazilian Antarctic Program) provided till samples collected in 
2008-09 from the Patriot Hills, Independence Hills, and Rivera Moraine of the eastern 
Ellsworth Mountains (Figure 2e). These samples were utilized to help characterize 
detrital zircons from the Institute Ice Stream. The onshore till samples were prepared for 
a suite of analyses: pebble lithology, U-Pb dating of detrital zircons, and particle size 
analysis. The offshore till samples were prepared for U-Pb dating of detrital zircons.  
 Pebbles representative of local and exotic lithologies were sampled from moraines 
at 19 of 22 sites sampled in 2014 (Table 1). At these sites, 1m2 areas were selected and all 
pebbles on that surface were photographed and collected. More than 2200 pebbles were 
classified based on lithology using characteristics given in Table 3. After pebble 
collection, 1 kg of till was collected after removing the top 3-5 cm to avoid particle 
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biasing due to wind deflation. Cobbles with local and exotic lithologies were also 
collected from some sites. Bedrock samples of the Patuxent Formation in the Patuxent 
Range, and from the Devonian sandstone at Brazitis Nunatak were collected and zircons 
were analyzed (Table 2). 
U/Pb analysis of detrital zircons 
 Eleven onshore till samples were selected for U-Pb dating of detrital zircons in 
the 63-150 µm size range to characterize the ice streams: 7 are adjacent to the Foundation 
Ice Stream, 1 is adjacent to the Academy Glacier, 2 are adjacent to the Recovery, and 1 is 
adjacent to the Slessor (Table 1). Zircons in tills collected from the eastern Ellsworth 
Mountains were analyzed previously and the data are used in this study (Licht, personal 
communication). Ten common, exotic, and bedrock clasts were chosen for U-Pb analysis 
to compare age populations in till to help distinguish local input versus more distal 
subglacial sources (Table 2) (Appendix A). Altogether, 21 samples were prepared for U-
Pb dating of zircons. 
For onshore samples, U and Pb isotopic compositions were analyzed for 19 
detrital samples (till or sedimentary rock) and 2 igneous cobbles. The 11 till samples 
were sieved to 63-150 µm, and the 10 pebble and cobble samples were crushed, 
pulverized, and sieved to 63-150 µm as well. The 63-150 µm fraction of these 21 samples 
was sent to the Arizona LaserChron Center for heavy liquid mineral separation and 
magnetic separation via Frantz Magnetic Separator. Once separated, the zircons of 
unknown age, R33, FC, and Sri Lankan (SL) standards of known age and isotopic 
composition were mounted onto a 1-inch diameter epoxy puck and polished to half the 
grain thickness (Gehrels, 2012). We used a scanning electron microscope (SEM) to 
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acquire backscatter-electron (BSE) images of the detrital zircons to avoid potential cracks 
or inclusions, and cathodoluminescence (CL) images to identify zonation in the zircons 
from igneous samples. A total of 4,680 detrital zircons and 52 zircons from igneous clasts 
were measured.  
 Tills in offshore samples were sampled from gravity and box cores collected by 
the Polarstern during three German Antarktis expeditions from 1983-1986: ANT-II/4, 
ANT-III/3 and ANT-IV/3 (Table 4). The zircons were extracted from 1-2 cm sections 
described as subglacial till by Hillenbrand et al. (2012), Crawford et al. (1996), Wessels 
(1989), Melles (1987, 1991), and Haase (1986). Sections were chosen based on the 
following properties that suggest a subglacial origin: poor sorting, high shear strength, 
low water content, high compaction, and low organic carbon content. Tills are presumed 
to represent LGM deposition based on their stratigraphic position.  
 Till from cores PS 1400-1, PS 1197-2, PS 1216-1, PS 1278-1 and PS 1423-2 was 
separated into 63-125 µm and 125-250 µm size fractions to maximize the number of 
measurements and assess whether grain size influenced zircon abundance. Heavy liquid 
mineral separation was done at Lamont-Doherty Earth Observatory using the heavy 
liquid lithium heteropolytungstate (LST) and Methylene Iodide. Individual zircons were 
hand-picked and mounted onto copper tape on the surface of 1-inch diameter epoxy 
pucks in the IUPUI Sedimentology Laboratory (Appendix B). Zircons were mounted on 
the surface of copper tape and were not polished to allow easy removal for use in future 
analyses. Element maps and backscattered-electron (BSE) images were taken at the 
University of Illinois at Urbana-Champaign on the SEM. The samples and images were 
sent to Arizona LaserChron Center to be analyzed; U-Pb of 715 zircons were measured. 
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For U-Pb dating, large n-datasets provide a higher probability that low abundance 
fractions are identified, and the measured age distribution will be closer to the true age 
distribution (Pullen et al., 2014). For onshore samples, three hundred zircons per sample 
(n=300) were analyzed when possible. N = 300 was not possible in offshore samples due 
to the small sample sizes, however all zircons in each sample were analyzed. Zircons 
were ablated with the single collector Element 2 using LA-ICPMS (laser ablation 
inductively coupled plasma mass spectrometry) that creates a pit 20 µm in diameter and 
~15 µm deep. Standards of known age and isotopic composition, R33, FC, and SL were 
also placed on the mounts with the unknown zircons for calibration and correction 
purposes. This method of standard-sample bracketing yields accuracy of 1-2% (2-sigma 
standard deviation) (Gehrels, 2012). The dating approach described by Gehrels et al. 
(2006) was used. 207Pb/235U is not measured directly but is instead calculated from 
measured 206Pb/238U, measured 206Pb/207Pb, and known 238U/235U (Gehrels, 2010). 
Common Pb correction was done by using the measured 204Pb and assuming Pb 
compositions from Stacey-Kramers (1975). ET_Redux was used for data reduction. 
Interpreted ages are based on 206Pb/238U for grains that are younger than 1.0 Ga, and on 
206Pb/207Pb for grains that are older than 1.0 Ga (Gehrels et al., 2008). Any analyses that 
are >30% discordant or >5% reverse discordant are not considered.  
 Interpretations are based on analyses that belong to a cluster of three or more 
overlapping analyses because this is representative of a significant age population in 
detrital samples (Gehrels, 2010) (Appendix C). Relative-age probability plots were 
created in Isoplot 4.15. Interpreted ages were also analyzed using Kernel Density 
Estimation (KDE), the Kolmogorov-Smirnov test (K-S test) at a level of 95% confidence, 
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and the Overlap-Similarity Comparison test. In the KS test, ages in the Foundation Ice 
Stream were split in half (Foundation 1 and Foundation 2) because the number of grains 
exceeded the program’s capacity. 
Particle size analysis  
The 11 onshore samples were characterized using particle size analysis with the 
Malvern Mastersizer 2000 Laser Particle Size Analyzer in the IUPUI Sedimentology Lab. 
In preparation for particle size analysis, till samples were freeze dried, dry sieved to 
<1000 µm, treated with H2O2 to remove organic matter, wet sieved to remove any 
remaining organic matter or unwanted material, placed in a centrifuge for 15 minutes, 
and then dispersed in 20 mL of sodium metaphosphate. During analysis, each sample was 
measured (percent by volume) 3 times and averaged. The clay, silt, and sand-sized 
content were calculated and are reported in Table 5.  
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Results 
 
Pebbles 
Foundation Ice Stream  
 The pebble lithology data for the Foundation Ice Stream (Tables 3 and 6) show 
compositions dominated by brown and gray metasandstones and sandstones of varying 
colors, which comprise 80-90% of pebbles at most sites. Most of the gray metasandstones 
are similar in composition to the gray fine-medium grained metasandstones of the 
Patuxent Formation bedrock sampled from Mt. Yarborough in the Thomas Hills. In 
addition, shale and slate make up between 1-8% of most samples. White, pinkish white, 
red, and tan sandstones are similar to those found in Academy Glacier deposits, however 
the colors are not as varied as sandstones in LIC and LIC2. In addition, white is the most 
common color and comprises over 40% of all sandstones. Limestones and igneous rocks 
typically comprise 0.5-7% and 0.5-2.5% of pebbles respectively, with site HEM having 
the highest percentage of igneous rocks at nearly 7%. Compositions found exclusively in 
these deposits and the Academy Glacier deposits include porphyries, quartzites, and 
quartz veins.  
Academy Glacier 
 The most prevalent compositions found in Academy Glacier tills on the north side 
of the ice stream (LIC and LIC2) are metasandstones, sandstones, granitic rocks, and 
porphyries (Tables 3 and 6). At both sites, an average of 25% of the sample is 
metasandstone that varies in color, while 60% is sandstones with more variety in color 
than any other ice stream (Table 6). Reddish-purple, purple, pinkish white, and white are 
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among the most common colors and comprise almost 50% of both sites. Between 8-10% 
of deposits are igneous and include intermediate to mafic, and felsic compositions. The 
majority of the igneous rocks are porphyritic and are more common than at any other 
pebble site. Pebbles from the south side of Academy Glacier (sample WEB) are nearly 
90% metasandstone, and largely resemble the local Patuxent Formation.  
Recovery Glacier 
 The pebble lithology data for the Stephenson Bastion (STB, STB2) and 
Whichaway Nunataks sides (WAW, WAW2) of the Recovery Glacier are distinctly 
different from each other and are also different from the Foundation and Academy Ice 
Stream samples (Tables 5 and 6). Stephenson Bastion pebbles are primarily greenschists 
(60%) and metasandstones (40%) of varying colors, and have the highest percentage of 
rocks categorized as low/intermediate-grade metamorphic rocks of phyllite and schist. At 
both STB and STB2, greenschists are similar to the lithology of the Turnpike Bluff 
Group bedrock described by Faure and Mensing (2010). In contrast, WAW and WAW2 
are distinguished by limestones and mafic igneous rocks, which are more prevalent than 
at any other pebble site, though vary between sites (Table 6). Limestone comprises nearly 
20% of pebbles at WAW2 and 6% at WAW and mafic igneous rocks comprise 28% of 
WAW pebbles. At both sites, 13-28% are sandstones that are similar to the lithology of 
the Beacon Supergroup bedrock described by Brewer (1989). At both WAW sites, 
metasandstones comprise nearly 30% of pebbles.  
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Particle size analysis  
 Shackleton Range and Whichaway Nunatak samples have more sand (<70%) and 
less clay size grains relative to the Pensacola Mountains samples (Table 5). In the 
Foundation tills (Patuxent Range), sand is the most variable of the size fractions and 
spans 30% to 81%. The percentage of silt is mostly within the range of 18% to 26%. 
Some sites where two samples were taken show >20% variability in size fractions 
between the two samples. The largest differences occur between MAM and MAM2, LIC 
and LIC2, and STB and STB2 (Table 5).  
U-Pb analysis of onshore detrital zircons 
Onshore Bulk Till Overview  
 Altogether, 4,680 detrital and 52 igneous zircons from the onshore bulk till 
samples and rock samples were analyzed (Appendix D). Of these 4,732 zircons, 2,873 are 
from the Foundation Ice Stream (1763 till, 1099 rocks), 766 are from the Academy 
Glacier (291 till, 468 rocks), 861 are from the Recovery Glacier (534 till, 327 rocks), and 
250 (till) are from the Slessor Glacier. Three hundred and fifty-one zircons from 
preexisting data in the eastern Ellsworth Mountains are associated with the Institute Ice 
Stream. Dominant age populations were revealed by the AgePick program. Kernel 
Density Estimations were compared to probability density plots to evaluate dominant age 
populations and are shown in Appendix E. K-S test and Overlap-Similarity Comparison 
test results are shown in Appendices F and G. 
Onshore Ice Stream Fingerprints 
 Of the four major ice streams studied (Institute, Foundation, Recovery, and 
Slessor) each has a unique zircon population fingerprint (Figure 3). Since the Academy 
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Glacier flows into the Foundation Ice Stream and has similar zircon peak ages, it is 
combined with the Foundation in this section. However, the Academy Glacier is 
discussed separately in other sections as it has notable distinctive features. Two zircon 
ages commonly referred to are Grenville (900-1300 Ma) and the Ross/Pan-African (480-
680 Ma) orogenies that left their signature on zircons during mountain building events. 
Grenville refers to the Neoproterozoic assembly of Rodinia between 1300 – 900 Ma and 
is associated with the mountain building event known as the Grenville Orogeny (Goodge 
et al., 2010). Ross/Pan-African refers to a period during the formation of Gondwana 
(~480-680 Ma) including the Neoproterozoic Pan-African Orogeny and the Cambrian-
Ordovician Ross Orogeny (Fitzgerald, 2002; Veevers, 2003).  
 The Institute Ice Stream zircon ages are bimodal and are characterized by a low 
proportion of Ross/Pan-African ages (480-680 Ma) relative to Grenville (900-1300 Ma) 
ages (Figure 3a). Although the peak ages of the Foundation Ice Stream tills are similar to 
the Institute, the proportions of Ross/Pan-African to Grenville are opposite. Additionally, 
slightly younger ages characterize the Ross/Pan-African peak in the Foundation Ice 
Stream tills (Figure 3b). Tills from the southern margin of the Recovery Glacier also have 
a high proportion of Ross/Pan-African ages, a much smaller Grenville population, and a 
high proportion of Paleoproterozoic ages (peaks at 1610 Ma, 1770 Ma) (Figure 3c). The 
Slessor Glacier till is characterized by the oldest zircon ages that range from the Archean 
to Proterozoic and lacks a dominant Ross/Pan-African peak. Significant age populations 
older than 2 Ga are only found in the Slessor Glacier till and are thus this ice stream’s 
distinctive fingerprint (Figure 3d). In addition, 22% of zircons in Slessor till have Th-U 
ratios <0.1, indicating a metamorphic origin according to Rubatto (2002). All other ice 
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streams transport zircons with Th-U ratios that are >0.1, pointing towards a magmatic 
origin.  
Ice Stream Tills and Pebbles/Cobbles 
 In addition to providing a unique fingerprint for each ice stream, the large number 
of till and rock samples analyzed from across the study area provide important 
information to evaluate spatial or zircon age variations within an ice stream’s domain. 
Furthermore, the zircon age population datasets from bedrock and erratic cobbles are 
important in determining potential till sources.  
  Foundation Ice Stream 
 Seven onshore till samples that are adjacent to the Foundation Ice Stream were 
combined to produce the Foundation Ice Stream fingerprint (SIS, YAR4C, YAR2, HEM, 
MAM2, MOU2, and MOU). The zircon distributions across each site are similar overall, 
but showed some variation in the dominant age populations (Figure 4a-g; Table 1). 
Zircon ages range from Archean to Cambrian with dominant populations during the time 
of the Ross/Pan-African and Grenville orogenies. All sites have the largest peaks in the 
late Ross/Pan-African (<550 Ma) and secondary peaks in the early Ross/Pan-African 
(~560 and 640 Ma). In the FIS tills, MAR, YAR1, YAR2, YAR3, HEM, and SUY are 
Pleistocene in age (~1Ma) while MOU, MAM, YAR4, and SIS are Holocene (5-9 ka). 
The zircon distributions for these tills generally do not vary with age and have dominant 
late Ross/Pan-African peaks and secondary Grenville peaks (Figure 5).  
 Figure 4 shows that the Patuxent Formation bedrock and non-local sandstones in 
the till pebble fraction (h-j) share dominant zircon populations during the late Ross/Pan-
African and Grenville Orogenies with secondary early Ross/Pan-African peaks, however, 
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the proportions are different. In the Patuxent bedrock samples, the late Ross/Pan-African 
peak (500-510 Ma) is higher relative to the Grenville peak than in the tills and has a 
much lower proportion of grains 550-650 Ma. The Brazitis Nunatak sandstone (Figure 
4k), a potential upstream source of zircons, has significant peaks at 550 Ma and 595 Ma. 
Although the 595 Ma is not a peak in any of the FIS tills, the 550 Ma peak is seen. The 
porphyritic igneous rock sample, an erratic found scattered throughout the Foundation 
tills, has a Grenville age (1025-1080 Ma) in the zircon core, and late Ross/Pan-African 
ages (~515 Ma) for the rims (Figure 6f). 
Academy Glacier 
 Overall, the onshore till along the northern margin of Academy Glacier has 
similar dominant and common zircon age populations to the Foundation tills, non-local 
sandstones in the Academy deposits, and the Patuxent Formation bedrock, but has a 
different distribution of ages (Figure 6a-d, g). The Academy has more of an even 
distribution of late and early Ross/Pan-African (505 Ma, 620 Ma) and Grenville peaks 
(1030-1060 Ma) relative to the Foundation tills. LIC White and LIC Red are both 
sandstones that are ubiquitous in the pebble fraction (Figure 4c-d) and although they 
share similar peaks to the Academy till, their distributions are different. The most notable 
observation is the shared early Ross/Pan-African peak (~630 Ma) in the Academy till and 
LIC White Sandstone. LIC Granite is a glacial erratic found in deposits along the 
Academy that has zircons with core ages of ~510 Ma (Figure 6e).  
Recovery Glacier   
 The contrasting bedrock geology on the sides of the Recovery Glacier (Figure 1) 
is reflected in the dominant and common zircon ages of the till (STB, WAW) and rock 
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samples (STB R-8 and WAW R-9) (Figure 7). Zircons from the STB till and rock 
samples are primarily Proterozoic with dominant populations in the Neoproterozoic 
(1480 Ma) and Paleoproterozoic (1770 Ma, 1610 Ma). The WAW till has zircons that are 
younger than the STB till. Common populations include the Mesoproterozoic (1040 Ma), 
Neoproterozoic (635 Ma), and a dominant late Ross/Pan-African peak (530 Ma). The 
early Ross/Pan-African peaks (590, 635 Ma) in the WAW till are less pronounced in the 
WAW bedrock. In addition, the STB till has a small, but significant late Ross/Pan-
African peak (530 Ma) that is similar to the WAW bedrock. 
U-Pb analysis of offshore detrital zircons 
 Altogether, 715 zircons in 5 offshore cores were analyzed (Figure 8, Table 4, 
Appendix D). Overall, there is a general trend of decreasing Mesozoic grains in the cores 
from west to east and a dominance of Ross/Pan-African grains. In samples where zircons 
were separated into 63-125 µm and 125-250 µm size fractions, zircons were more 
abundant in the 63-125 µm fraction. Sample PS 1423-2, 262-264 cm yielded zircons from 
only the 63-125 µm fraction. Since the 13 zircons in PS 1216-1 (35-36 cm) did not yield 
meaningful age populations, this sample was not considered further. Kernel Density 
Estimations were compared to probability density plots to evaluate dominant age 
populations and are shown in Appendix E. K-S test and Overlap-Similarity Comparison 
test results are shown in Appendices F and G.   
PS 1423-2, the most westerly core site, located adjacent to the Antarctic 
Peninsula, contains the youngest zircon age populations (Figure 8, a-b). Both depth 
intervals showed a dominant Early Jurassic (~180 Ma) peak and secondary Ross/Pan-
African peak (~550 Ma). There are no significant populations older than Grenville ages. 
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In PS 1197-2, the most prominent peak is of late Ross/Pan-African ages (~540 
Ma) (Figure 8c). To the east of Berkner Island, in PS 1278, the dominant age population 
is late Ross/Pan African (~530 Ma) with a secondary Grenville peak (~1060 Ma) (Figure 
8d). Mesozoic grains are present in both cores, however their populations are not 
significant.  
 PS 1400-1 is the most easterly core site, located in front of the Filchner Ice Shelf. 
The 216-218 cm interval shows the largest peaks in the late Ross/Pan-African (~530 Ma, 
~560 Ma), as well as secondary early Ross/Pan African (~650 Ma) and Grenville age 
(~1020 Ma) peaks (Figure 8e). Mesozoic populations are not significant. The 278-280 cm 
interval contains 58 zircons when both size fractions are combined. This sample has a 
dominant late Ross/Pan-African (~530 Ma) age populations with a secondary Grenville 
peak (~970 Ma).  There are no significant populations in the early Mesozoic (~250 Ma, 
~180 Ma), or older than 2 Ga (Figure 8f).  
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Discussion 
 
Using provenance to ultimately trace sediment in the Weddell Sea offshore record 
back to Antarctica’s bedrock has been carried out successfully by a number of studies. 
These studies have mostly used heavy minerals, hornblende, and biotite, however, zircon 
has been under-utilized as a tracer. Zircon is ubiquitous in the rock record, survives long 
transport distances and thus sedimentary cycles, and has an age that often represents the 
crystallization age of the magma. Therefore, it is an advantageous provenance tool. 
Distinct heavy mineral assemblages of green hornblende, garnet, and 
clinopyroxene in the sand fraction of offshore surface sediments were linked to specific 
source rocks of Antarctica’s interior (Diekmann and Kuhn, 1999), while combined Sm-
Nd data and 40Ar/39Ar ages established a link between circum-Antarctic glacio-marine 
offshore sediments and the continent’s main bedrock (Roy et al., 2007). A recent study 
by Pierce et al. (2014) used detrital U-Pb zircon, 40Ar/39Ar hornblende, and 40Ar/39Ar 
biotite age populations from 28 till and glacial-marine sediment core samples located 
around East Antarctica to constrain onshore source areas while also capturing new 
populations from units potentially buried by ice.  
We adopt a similar approach in our use of pebble and zircon data from onshore 
till, and zircons in offshore cores to offer insight into LGM ice stream flow paths, 
identify onshore source rocks, discriminate between ice originating from West and East 
Antarctic, provide a window into bedrock units buried by ice, offer field evidence for 
glacial modeling, and establish useful chronometers for future studies.  
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Lithologic sources of the onshore ice stream tills 
 
Institute Ice Stream  
 
The bedrock in the vicinity of the Institute Ice Stream is quartzite of the upper 
Cambrian Frasier Ridge Formation (Heritage Group) that has peak zircon ages of 610 Ma 
and 1070 Ma (Flowerdew et al., 2007) (Figure 9). Bedrock ages from the Institute ice 
stream catchment were not directly measured for this study, however, zircons from tills 
collected in the Patriot, Marble, and Independence Hills display dominant late 
Mesoproterozoic Grenville (~1070 Ma) and secondary Ross/Pan-African (560 Ma) peaks 
that are consistent with results from Flowerdew et al. (2007) (Figure 3a). Additionally, 
the Institute tills have another secondary Proterozoic peak (~630 Ma), a low abundance 
of peaks older than 1120 Ma, and a presence of early Mesoproterozoic grains – common 
characteristics of the Frasier Ridge Formation (Flowerdew et al., 2007). U-Pb zircon data 
from Castillo et al. (2017) are consistent with contributions from the eastern Ellsworth 
Mountains Heritage Group rocks (Springer Peak, Liberty Hills and Union Glacier 
formations) that yielded zircons with similar dominant Grenville and secondary 
Ross/Pan-African peaks. Therefore, it is likely that the Frasier Ridge Formation, or 
bedrock from the eastern Ellsworth Mountains Heritage Group, is a dominant contributor 
to the tills.   
 The second dominant late Neoproterozoic (~560 Ma) peak in the Institute Ice 
Stream tills is slightly younger than what was reported from the Frasier Ridge Formation 
(610 Ma), therefore it is likely that some of these grains were sourced from other nearby 
rock units. The upper Cambrian Crashite Group Mount Twiss Member, which has a large 
zircon age cluster at ~568 Ma, is a potential candidate, as well as the Mount Wyatt Earp 
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Formation where a majority of the detrital grains yield ages between 550 Ma and 700 Ma 
(Flowerdew et al., 2007). Mount Woollard, an isolated outcrop of sedimentary rocks of 
uncertain age within the Ellsworth-Whitmore crustal block and within the Institute ice 
catchment, is also a potential source candidate because the most prominent zircon age 
population of 554 ± 2 Ma is similar to the age cluster of ~560 Ma in the Institute till 
(Flowerdew et al., 2007).  
Foundation Ice Stream 
 All of the Foundation Ice Stream till samples are from the Patuxent Range, which 
has been mapped by Schmidt and Ford (1969) as grayish-green metasandstones of the 
Patuxent Formation. Rowell et al. (2001) reported U-Pb dates for zircons in the Patuxent 
Formation, which cluster in the late Cambrian (~500-490 Ma) and span to the 
Neoproterozoic (Figure 10). In addition, zircons from bedrock in the Thomas Hills 
analyzed in this study corroborate these age populations with dominant late Cambrian 
(~510Ma) and Mesoproterozoic (~1030Ma) populations. Since all 7 till samples have 
zircon populations with significant Ross/Pan-African and Grenville peaks, it is likely that 
local bedrock is contributing significantly to the Foundation Ice Stream tills. This is 
consistent with the pebble compositions at most till sites. Gray metasandstones comprise 
at least 25% of the till sites (except SUY and HEM), and average ~45% of the pebble 
fraction.  
FIS tills have a higher proportion of ages in the early Ross/Pan-African range 
(650-600 Ma) and a greater proportion of Grenville grains than Patuxent bedrock, so 
other sources are contributing (Figure 4). White and white/pink sandstones (YAR4C and 
YAR4B) common in the pebble fraction have distributions similar to the tills with 
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dominant late Cambrian (~500Ma) and Mesoproterozoic (~1030Ma) populations, 
suggesting they are also a dominant contributing source. White and white/pink 
sandstones are common in the pebble fraction and comprise 50% or greater of sandstone 
compositions (except for SIS2, HEM, and SUY). Input from sandstones that outcrop 
upstream in the Brazitis Nunataks are also possible given peaks (~550 – 600 Ma) similar 
to the tills. The late Neoproterozoic peak (~630 Ma) in these pebbles could account for 
the persistent 630-650 Ma peak in the Foundation Ice Stream tills, or this source could be 
buried by ice and unknown. 
 The origin of glacial erratic porphyries and oolitic limestones present only in the 
cobble fraction of till is also valuable for better understanding the underlying geology and 
constraining source units in the FIS catchment. The Thiel Mountains Porphyry is located 
upstream of the Patuxent Range in the Foundation Ice Stream catchment but on the 
opposite/west side of our collection site. It is described as a dark gray granodiorite/quartz 
monzonite porphyry and has a Rb-Sr age of 493 ± 23 Ma (Pankhurst et al., 1988). Van 
Schmus et al. (1997) reported a zircon discordia line that has a lower intercept at 500 ± 4 
Ma and an upper intercept at 1093 ± 23 Ma. The porphyries in the Thomas Hills tills not 
only have a similar lithologic description, but have core and rim ages that are consistent 
with Van Schmus et al. (1998), suggesting the Thiel Mountains porphyry could extend 
further east underneath the Foundation Ice Stream. Furthermore, there are no other 
exposed rocks in the ice catchment with a similar composition to the porphyry erratics. 
Two oolitic limestones discovered in the cobble fraction of MOU and MAR could 
potentially be derived from the Nelson or Shackleton limestones, which contain ooids  
(Schmidt et al., 1965; Rees et al., 1989). The Nelson Limestone may be a more likely 
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candidate because it is located upstream of the Patuxent Range within the Foundation Ice 
Stream catchment.  
Academy Glacier 
The Academy Glacier flows adjacent to the Patuxent Formation on its 
southwestern margin, but also to Paleozoic carbonaceous strata, igneous bodies, and 
sedimentary strata of the Beacon Supergroup in the Neptune Range on its northern 
margin (Schmidt and Ford, 1969). Since the Academy Glacier till has dominant 
Ross/Pan-African and Grenville zircon populations, the Patuxent Formation is likely 
making a contribution to the till. However, because the Academy tills have a more equal 
proportion of Ross/Pan-African and Grenville peaks, and a more distinct late 
Neoproterozoic peak (~620 Ma), other sources must be contributing (Figure 6). They are 
likely from common red and white sandstones in the pebble fraction (LIC Red and LIC 
White Sandstones), which have zircons with similar peaks (~630 Ma), that could be 
providing zircons of similar age to the Academy tills.  
One of the most notable characteristics of the Academy till pebble/cobble deposits 
is the wide variation in sandstone and metasandstone colors, which likely originates from 
the local Dover, Heiser, and Elliot sandstones, and the Elbow Formation of the Neptune 
Range. The characteristic presence of porphyritic and felsic granitic compositions in the 
pebble and cobble fraction could be sourced from the quartz-feldspar Mt. Hawke 
Rhyolite Porphyry, or the Serpan Granite. Given the north-south strike of the geology in 
the Neptune Range and the presence of porphyritic compositions in the till, the Mt. 
Hawke Rhyolite Porphyry could extend further south (Schmidt and Ford, 1969). In 
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addition, the Serpan Granite could also extend further south, or a more distal unexposed 
granitic source could supply the granites in the pebble and cobble fraction. 
Recovery Glacier 
Stephenson Bastion (STB) 
The Turnpike Bluff Group, consisting of the Stephenson Bastion, Mt. Wegener, 
and Wyeth Heights Formations, is bedrock on the northern side of the Recovery Glacier, 
with the Stephenson Bastion Formation exposed at the till collection site. Although 
Buggisch and Kleinschmidt (2007) and Buggisch et al. (1994) have employed K/Ar and 
40Ar/39Ar dating and Rb/Sr dating, the age of the Turnpike Bluff Group is not well 
established. Since zircon U-Pb ages have not been reported from these three formations, 
zircons in the till cannot be compared to zircons in a direct bedrock sample. However, 
zircon ages from the tills yield dominant Paleoproterozoic zircon populations (1610 Ma, 
1770 Ma) and correspond with zircon ages from a greenschist (~1615 Ma) analyzed in 
this study most similar to greenschists described as a lithology found in the bedrock by 
Pankhurst et al. (1983). Although the greenschist was not directly taken from a bedrock 
outcrop, its occurrence of nearly 60% at both till sites and similarity to described bedrock 
suggests a local origin. Another potential source for the Paleoproterozoic age populations 
(1610 Ma, 1770 Ma) in the till is from granitic gneisses of the Shackleton Range 
Metamorphic Complex (SRMC) located upstream in the Read Mountains. Rb/Sr ages of 
1763 ± 21 Ma and 1599 ± 38 Ma reported by Pankhurst et al. (1983) are interpreted as 
the original igneous emplacement and a later metamorphic resetting, assigning these 
basement rocks as a potential contributor to the tills. Most of the compositions at the STB 
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sites appear to be locally derived from greenschists and metasedimentary rocks of the 
Turnpike Bluff Group, with no notable erratics.  
Whichaway Nunataks (WAW) 
 The bedrock geology at the Whichaway Nunataks on the southern side of the 
Recovery Glacier consists of tan and gray sandstones of the Whichaway Formation in the 
Beacon Supergroup intruded by Ferrar Group sills (Stephenson, 1966). Presumed 
bedrock samples from till yield zircons with a dominant Cambrian peak (~530 Ma) and 
secondary Proterozoic peaks (~630 Ma, ~1040 Ma). These peaks are consistent with age 
populations from formations within the Beacon Supergroup. Elsewhere in the TAM, 
Elliot et al. (2015) reported zircons from the lower Buckley Formation with a dominant 
Cambrian peak (~525 Ma), and the Fairchild Formation with dominant populations that 
span 595-530 Ma. Similar to the Foundation Ice Stream tills, there are no known zircon 
populations that can account for the ~630 Ma in the till, suggesting its source may be 
buried by ice, or originating from an exposed unit that has not been dated.  
 Rock types that are prevalent in the pebble fraction can be inferred from exposed 
local and exotic sources. Fine to medium grained brown and tan sandstones equivalent to 
descriptions of the Whichaway Formation bedrock reported by Stephenson (1966) 
comprise nearly 30% at WAW2 and 13% at WAW. The mafic rocks, also prevalent at 
both sites, have both extrusive and intrusive compositions that are consistent with the 
Kirkpatrick Basalt and dolerites of the Ferrar Group. Carbonate erratics comprise a 
notable 20% of the pebble fraction at WAW2. According to Stephenson 1966, early 
Cambrian carbonate erratics have been found in the Whichaway Nunataks, which Rowell 
et al. (1992) assigned to the Shackleton Limestone in the Argentina Range. It is not 
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known how far north this carbonate shelf extends. Due to a lack of limestone erratics in 
other Shackleton Range moraines, an observation corroborated by this study, Stephenson 
1966 concluded their source is confined to a region south of the Recovery Glacier.  
Slessor Glacier 
The bedrock exposed near the Slessor Glacier is the Precambrian Upper 
Shackleton Range Metamorphic Complex (SRMC), which is mostly composed of 
Stratton Group metamorphic basement rocks, overlying Pioneers Group metasediments 
and metamorphic rocks, and ophiolites (Clarkson et al., 1995). The till sample was taken 
from the La Grange Nunataks where the Stratton Group Mathy’s Gneiss is exposed with 
a zircon age of 2328 ± 47 Ma (Brommer et al., 1999). This age, the oldest reported age 
for the Shackleton basement, along with a similar Rb-Sr age of 2310 ± 130 Ma described 
by Pankhurst et al. (1983) are thought to reflect the age of crystallization of the gneiss 
before it was deformed. Brommer et al. (1999) also described a zircon age of 1715 ± 6 
Ma that likely records the later stages of the Kimban orogeny in the Shackleton Range, 
which has been corroborated by zircon and monazite ages from Will et al. (2009). Since 
no bedrock was available for this site, these ages are used for comparison. Because the 
Slessor Glacier till has several zircon age populations in the Paleoproterozoic (1705, 
2260, 2345, and 2415 Ma), it appears that the Slessor Glacier till largely reflects the local 
Stratton Group Mathy’s Gneiss and recrystallization during the Kimban orogeny.  
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Pleistocene vs. Holocene Tills 
Balco et al. (2016) described two different types of tills in the Thomas Hills: an 
“older” till at higher elevations that displays extensive patterned-ground formation and is 
highly weathered with a red color, and a “younger” till at lower elevations that has fresh, 
unweathered rock surfaces and is only seen on the northwest side of the Thomas Hills 
facing the Foundation Ice Stream (Figure 11). Cosmogenic nuclide exposure ages 
indicate the older tills are Pleistocene in age (~1 Ma), while the younger tills are 
Holocene in age (5-9 ka). Sites in this study from areas with older tills include MAR, 
YAR1, YAR2, YAR3, HEM, and SUY, and sites from areas with younger tills include 
MOU, MAM, YAR4, and SIS. Compositions from both till ages are dominated by brown, 
gray, red, white, and pinkish white sandstones, gray metasandstones from Patuxent 
Formation bedrock and small percentages of igneous rocks. The most notable difference 
in older till samples HEM and SUY are that they both have the highest percentages of red 
weathered pebbles, HEM has the highest percentage of igneous rocks (5% increase), and 
SUY has the most pebbles composed of quartz veins. The zircon distributions for 
available Pleistocene and Holocene tills are generally similar with dominant late 
Ross/Pan-African peaks and secondary Grenville peaks (Figure 5). The similar pebble 
compositions and zircon distributions of both young and old tills suggest that LGM ice 
originated from a source similar to present day ice.  
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Lithologic sources for offshore tills and implications for LGM flow paths 
  In this section, detrital zircon data from LGM tills in offshore cores are compared 
to onshore tills and bedrock in order to create LGM paleoflow reconstructions based on 
available data. Flowline reconstructions are based on peak matching in probability 
density plots, statistical comparisons, and published information about bedrock geology 
to determine the provenance of offshore tills.  
Western Weddell Sea 
The dominant Jurassic age populations (~170-180 Ma) in PS 1423-2 at 217-219 
cm and 262-264 cm indicate a contribution from units that record Jurassic volcanism 
related to the extension of Gondwana and are therefore significantly different from all of 
the onshore tills analyzed. Within the Institute Ice Stream catchment, there are numerous 
granitic intrusions, however, the western location of PS 1423-2 makes input from till 
transported by the Evans or Rutford Ice Streams or small local outlet glaciers from the 
southern Antarctic Peninsula more likely because their flow paths are closer to PS 1423-
2. Mapped Mesozoic granitoids (Tingey, 1991) between the Ellsworth Mountains and the 
Antarctic Peninsula (AIP) along with Jurassic-Cretaceous back-arc basin sediments of the 
Latady Formation (Laudon, 1991) that extend along the eastern margin of the AIP are the 
most likely sources given their proximal location to the core. Furthermore, the Latady 
Formation could also be the source of the late Jurassic-Cretaceous secondary populations 
(~120-150 Ma) that are prevalent in PS 1423-2. Although the Dufek Massif and Ferrar 
Group rocks have zircon ages that are similar to Jurassic zircon age populations in PS 
1423-2, they do not have known outcrops that are as geographically close as other 
potential sources.  
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Aside from the strong Mesozoic signals, there are dominant Ross Pan-African 
(500-590 Ma and 630 Ma) and relatively small Grenville (1000-1080 Ma) peaks. The 
Crashsite Group and Whiteout Conglomerate, located in the western Ellsworth 
Mountains, have similar zircon age distributions (Castillo et al., 2017). Given that these 
rocks are along the Rutford Ice Stream’s flow path, it is likely that they are sources for 
zircons in PS 1423-2.  
Central Weddell Sea 
In PS 1197-2 and 1278-1, the dominant Ross/Pan-African and secondary Grenville 
age populations resemble the zircon populations of the Foundation/Academy and 
southern Recovery Glaciers. Although the Institute Ice Stream is a possible source for 
tills in core 1197-2, its high proportion of Grenville-age grains makes it a poor match 
(Figure 12).  If the Patuxent Formation bedrock extends into the Institute catchment, it is 
a probable source of the high Ross/Pan-African and low Grenville peaks because it is a 
spatially expansive unit and is the closest exposure with these age populations. Jurassic 
granites at Pagano Nunatak (174.8 Ma), Pirrit Hills (174.3–173.9 Ma) and Nash-Martin  
Hills (177.4–177.3 Ma) (Craddock et al., 2016) in the Institute Ice Stream catchment 
could be the source of Mesozoic ages in PS 1197-2. Unfortunately, no till is exposed at 
the surface along the eastern margin of the Institute Ice Stream to evaluate this idea.  
In PS 1278-1, sedimentary rocks from the Patuxent Formation and other sandstones 
(YAR4B, YAR4C, LIC White Sandstones) are a likely source of the high Ross/Pan-
African and low Grenville peaks (Figures 4 and 5). The white sandstones in Academy 
Glacier till could be derived from the local Dover and Heiser sandstones, or the Elbow 
Formation in the Neptune Range. Igneous sources contributing Ross/Pan-African zircons 
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should not be discounted. For instance, the Thiel Mountains, located upstream of the 
Pensacola Mountains, contain porphyries and granites; these rocks types are also present 
in the Neptune Range near the Academy Glacier. Till is not exposed along the Support 
Force Glacier, but because it has Patuxent Formation exposed along the downstream 
portion of its flow path (Schmidt and Ford, 1969), ice derived from this region of the 
WSE could also contribute to Ross/Pan-African ages in PS 1278-1. Ice derived from the 
southern Recovery Glacier is also possible because zircons from the Beacon Supergroup 
in the Whichaway Nunataks have similar Ross/Pan-African proportions.  
Eastern Weddell Sea 
In the eastern most core studied, PS 1400-1 (216-218 cm and 278-280 cm), the 
dominant Ross/Pan-African and secondary Grenville age populations are similar to peaks 
in the Foundation/Academy and the south side of the Recovery. However, given the more 
proximal location of the Recovery Ice Stream, its contribution is more likely. The south 
side of the Recovery shares the bimodal Ross/Pan-African peaks (530, 630 Ma) and 
secondary Grenville age peaks (1040 Ma) that are present in this core.  
Grains from the Paleo-Mesoproterozoic populations indicative of the north side of 
the Recovery and Slessor Glaciers are notably absent from all cores analyzed (Figure 12). 
A potential explanation for an absence of these old grains in the offshore record is that 
the Beacon Supergroup extends under the Recovery Glacier trough to the fault-bounded 
Shackleton Range exposure (Paxman et al., 2017). This assertion is supported by the 
presence of zircon ages in till from the northern side of the Recovery (Site STB) with a 
small, but significant ~530 Ma peak similar to Beacon Supergroup bedrock in the 
Whichaway Nunataks. In this scenario, the Recovery Glacier has discharged most of its 
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ice and sediment down the eastern side of the Thiel/Crary trough, covering core site PS 
1400. 
The muted signal from the Shackleton Range is especially perplexing given the 
high present-day discharge rates from the Recovery and Slessor (35 and 24.8 Gton/year 
respectively) (Joughin and Bamber, 2005). Our data suggest that the ice/sediment flux 
from the Slessor and Recovery basins during the LGM was smaller relative to other ice 
stream fluxes.  The presence of Jurassic (~180 Ma) grains in PS 1400 could be coming 
from the Ferrar Group or the Dufek Massif. 
Possible flow reconstructions  
 Two endmember LGM reconstructions are possible from the existing detrital 
zircon datasets (Figure 12). The primary difference lies in the flow paths of the Institute 
and Foundation Ice Streams. In Scenario A, the Institute Ice Stream followed the 
bathymetric low on the western side of unnamed isolated bedrock highs, depositing till in 
between PS 1423-2 and PS 1197-2. If the Institute followed this western flow path, the 
Foundation Ice Stream could have flowed west around Berkner Island similar to its 
modern path. This would allow the Support Force and Recovery Glaciers to dominate 
flow into the Filchner Shelf. This is based on the assumption that these two ice streams 
are transporting till dominated by Ross/Pan-African age zircons.  
 In contrast (Scenario B), if the Institute flowed over subglacial topography 
following a more easterly flowline to deposit till closer to PS 1197-2, West Antarctic ice 
from the Institute and Moller Ice Streams might dominate the central Weddell Sea. In this 
second scenario, Foundation ice is forced into an easterly flow path around Berkner 
Island. The Recovery would then flow alongside the Foundation and the Support Force to 
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fill the Filchner Trough. The presence of Mesozoic grains in PS 1197 derived from the 
numerous Jurassic exposures in the Institute catchment is the primary evidence for this 
reconstruction. The widespread Ross/Pan-African ages limit our ability to distinguish 
between these scenarios. Additional samples are needed to further refine these 
reconstructions.  
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Comparison to other chronometers and models  
 
In this section, we compare our findings to studies that have used other  
provenance tools and those that have created models to reconstruct ice stream 
configurations during the LGM. Overall, our results are consistent with their findings.  
Comparison to other chronometers  
Pierce et al. (2014) used U-Pb zircon, 40Ar/39Ar hornblende, and 40Ar/39Ar biotite 
age populations from tills and ice rafted debris (IRD) in offshore cores around the 
continent to establish a multi-chronometer signature and document onshore geology 
(Figures 13 a-c). Data from the WSE region of their study (Cores 1-4) are consistent with 
our results. They suggested that the ~500 Ma age present in each of the chronometers in 
the Weddell and Dronning Maud Land sectors (Cores 1-14) originates from Ross and 
Pan-African source rocks. We also see zircon ages with similar Ross-Pan/African ages in 
our offshore cores, specifically in PS 1278-1 and 1400-1 given their proximity to Core 3. 
Furthermore, zircons in PS 1423-2 share the Grenville and Jurassic biotite ages present in 
Core 1. An interesting observation is that they also see a muted signal from the 
Shackleton Range in Core 4 containing 104 zircons. 
Diekmann and Kuhn (1999) used heavy mineral assemblages (hornblende, garnet, 
and clinopyroxene) in offshore surface sediments as markers for onshore source areas 
(Figure 14). These assemblages, or “clusters” have consistencies with our dataset. For 
example, Cluster 3 has very high percentages of garnet, diagnostic for the Beacon 
Supergroup. Cluster 3 surface sediments are centrally positioned in front of the Filchner 
Ice Shelf where the Recovery Glacier, which erodes Beacon Supergroup rocks, likely 
discharged ice and sediment during the LGM. Cluster 4 has high percentages of 
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pyroxene, which the authors suggest originate from the Ferrar Group and/or Dufek 
Massif. This could explain the small proportions of the Jurassic ages in the eastern 
Weddell Sea. 
Comparison to models 
Modeling by Whitehouse et al. (2017) includes a scenario where the Foundation 
Ice Stream followed its present-day western trajectory along Berkner Island during the 
onset of glacial conditions. Other modeling scenarios suggest that grounded ice switched 
to an easterly flow path during the LGM (Whitehouse et al., 2017; Whitehouse et al., 
2012; Le Brocq et al., 2011). Given that the Foundation Ice Stream signature is present in 
PS 1278 and PS 1197, our results are consistent with either reconstruction. 
Golledge et al. (2013) modelled ice flow for the entire continent during the LGM 
(Figure 15). Our results are also consistent with their LGM reconstructions. Similarities 
include discharge from the Evans Ice Stream into the westernmost Weddell Sea, a 
scenario where the Institute Ice Stream flows over subglacial topography near PS 1197, 
and the Foundation Ice Stream flowing east of Berkner Island (Figure 12, Scenario B). 
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Conclusions 
 
Glacially eroded sediment deposited in moraines can be used as a tool to trace the 
flow paths of major outlet glaciers and ice streams of the Weddell Sea Embayment and 
provide a window into unmapped compositions that are buried by ice upstream. Unique 
fingerprints for the Institute, Foundation, Recovery, and Slessor Ice Streams are revealed 
through U-Pb dating of zircons from till. Distinctive zircon age populations for each ice 
stream include: 
1. Western Institute Ice Stream: two dominant peaks at 560 Ma and 1070 Ma 
2. Foundation Ice Stream and Academy Glacier: dominant peak at 505 Ma and a 
secondary peak at 1030 Ma 
3. Recovery Glacier: two dominant peaks at 530 Ma (southern margin) and 1610 Ma 
(northern margin) 
4. Slessor Glacier: dominant peak at 1700 Ma and secondary peaks at 2260 Ma, 
2345 Ma, and 2415 Ma 
The origin of zircons in most moraines is likely from a combination of local bedrock 
sources, and more distal upstream subglacial bedrock. This conclusion is based on 
comparison to peak zircon age populations measured directly from bedrock exposures, 
common erratics, or taken from literature. Dominant age populations in the Institute Ice 
Stream tills are consistent with zircons from the locally exposed Frasier Ridge Formation. 
The dominant zircon age peaks in Foundation tills are similar to ages from the locally 
exposed Patuxent Formation. However, the proportion of ages 550-650 Ma in the till is 
substantially higher, which suggests exotic sandstones are contributing. The Recovery 
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Glacier is characterized by distinctly differing zircon populations from till on the 
southern margin (Whichaway Nunataks) and northern margin (Stephenson Bastion). This 
is attributed to the contrasting bedrock geology on either side of the Recovery Glacier, 
but local bedrock alone cannot explain the zircon distributions in these ice streams. 
Similar to Foundation Ice Stream tills, there are no known zircon age populations that can 
account for the ~630 Ma in the Recovery Glacier tills, suggesting its source may be 
buried by ice. Zircon ages from the Slessor Glacier till also likely locally derived because 
they are similar to published ages of the local Stratton Group Mathy’s Gneiss (Brommer 
et al., 1999) 
 Available pebble lithology data support interpretations from zircon ages, that is 
the till is a mixture of locally derived and exotic material. In the pebble fraction of 
Foundation tills, most of the gray metasandstones are similar in composition to the 
Patuxent Formation, but also contain abundant exotic “common” white and white/pink 
sandstones, as well as other less common exotic erratics (porphyry, limestone, etc). In the 
tributary Academy Glacier, most pebbles/cobbles likely originate from the local Dover, 
Heister, and Elliot sandstones, and the Elbow Formation of the Neptune Range. In the 
Recovery tills, the pebble lithology is distinctly different between the Stephenson Bastion 
(greenschists) and Whichaway Nunataks (gray and brown sandstones) sides. The 
Whichaway pebbles/cobbles also contain limestone and dolerite. 
 Zircons in offshore cores were successfully used to recognize the onshore signal 
in most ice streams. Overall, zircons show a general trend of decreasing Mesozoic ages 
from west to east. Jurassic zircon populations seen in the westernmost core, PS 1423, are 
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not accounted for by onshore till analyzed, and indicate input from rocks formed during 
Jurassic extension derived from the adjacent southern portion of the Antarctic Peninsula. 
The Ross/Pan-African and Grenville peaks prevalent in remaining offshore cores are 
similar to onshore tills from the Foundation and southern Recovery margin. The much 
higher proportion of Grenville ages from the Institute Ice Stream till sample was not 
found in the offshore samples analyzed. This suggests that the western Institute Ice 
Stream did not have a flow path across site 1197, but rather one between PS 1423 and 
1197. 
 Relevant to numerical ice sheet models, a particularly significant discovery was 
that the Foundation Ice Stream could have deposited the zircons in core PS 1278.  If so,  
this ice stream had an easterly flow path around Berkner Island at some point during the 
LGM and then switched to its modern flow path west of Berkner Island. An unexpected 
find was the lack of Proterozoic grains from the Shackleton Range in the easternmost 
Weddell Sea. This requires a remarkably small ice/sediment flux from the Slessor and 
Recovery Glaciers during the LGM, and that they Recovery Glacier trough is mostly 
underlain by Beacon Supergroup rocks.  
Our results are mostly consistent with other field and modeling studies. Pierce et 
al. (2014) corroborates the absence of Proterozoic grains coming from the Shackleton 
Range, while both modeling studies also suggest an easterly flow switch of the 
Foundation during the LGM. This study highlights the value of using zircon to fingerprint 
ice streams, constrain onshore source rocks, and better understand ice stream 
configurations during the last ice age.  
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Table 1. Analysis per sample in onshore tills (SAL number, sample ID, lat/long, till age, 
pebbles, particle size, U/Pb, ice stream, local geology)  
 
*Bentley et al. (2010), Balco et al. (2016), Flowerdew et al. (2007), Schmidt and Ford 
(1969), Stephenson (1966), Clarkson (1982) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SAL Sample ID Latitude Longitude Till Age Pebbles Particle  
Size 
U/Pb Ice Stream  
 
Local Geology 
Ellsworth 
Mountains 
(Heritage 
Range) 
- 
- 
- 
Ind. Hills 
Pat. Hills 
Riv. Moraine 
-80.31615 
-80.31615 
-80.31615 
-81.71437 
-81.71437 
-81.71437 
 
Holocene 
Holocene 
Holocene 
- 
- 
- 
- 
- 
- 
X 
X 
X 
Institute 
Institute 
Institute 
Frasier Ridge Fm. 
Frasier Ridge Fm. 
Frasier Ridge Fm. 
 
 
 
 
 
 
Patuxent  
Range 
2108 
2111 
2112 
2113 
2114 
2115 
2116 
2117 
- 
2123 
2126 
2127 
2128 
- 
- 
- 
HEM 
MAM 
MAM2 
MAR 
MOU 
MOU2 
SIS 
SIS2 
SUY 
WEB 
YAR4A 
YAR4B 
YAR4C 
YAR3 
YAR2 
YAR1 
 
-84.44011 
-84.35213 
-84.35337 
-84.36741 
-84.33028 
-84.3304 
-84.44184 
-84.44589 
-84.53263 
-84.29496 
-84.4196 
-84.41954 
-84.41921 
-84.40903 
-84.41975 
-84.43109 
-65.36979 
-65.23618 
-65.24587 
-65.30491 
-65.09882 
-65.09832 
-66.27036 
-66.23227 
-65.47683 
-62.86458 
-66.07255 
-66.07202 
-66.06037 
-65.97051 
-65.89921 
-65.79125 
Pleistocene 
Holocene 
Holocene 
Pleistocene 
Holocene 
Holocene 
Holocene 
Holocene 
Pleistocene 
Pleistocene 
Holocene 
Holocene 
Pleistocene 
Pleistocene 
Pleistocene 
- 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
- 
X 
X 
- 
X 
Cobbles 
Only 
 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
- 
X 
- 
X 
- 
X 
X 
X 
- 
- 
- 
- 
- 
X 
- 
X 
- 
Foundation 
Foundation 
Foundation 
Foundation 
Foundation 
Foundation 
Foundation 
Foundation 
Foundation 
Academy 
Foundation 
Foundation 
Foundation 
Foundation 
Foundation 
- 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
Patuxent Fm. 
 
Neptune 
Range 
2109 
2110 
LIC 
LIC2 
-83.90068 
-83.8981 
-57.42117 
-57.42461 
Pleistocene 
Pleistocene 
X 
X 
X 
X 
X 
- 
Academy 
Academy 
Dover  
Sandstone 
Dover  
Sandstone 
Whichaway 
Nunataks 
2121 
2122 
WAW 
WAW2 
-81.50575 
-81.5063 
 
-28.68155 
-28.68579 
Holocene 
Holocene 
X 
X 
X 
X 
X 
- 
Recovery 
Recovery 
Beacon  
Supergroup 
Beacon  
Supergroup 
Shackleton 
Range 
2118 
2119 
1925 
 
STB 
STB2 
SAL1925 
-80.8047 
-80.80461 
-80.2902 
 
 
 
-27.24014 
-27.23978 
28.67029 
Holocene 
Holocene 
Holocene 
X 
X 
- 
X 
X 
X 
- 
X 
X 
Recovery 
Recovery 
Slessor 
(from 
Sugden)  
Turnpike  
Bluff Gp. 
Turnpike  
Bluff Gp. 
Upper Shackleton  
Range Metamorphic 
Complex 
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Table 2. Pebbles and cobbles analyzed for zircon geochronology  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Name Location Onshore Site Ice Stream Latitude Longitude Local Geology Rock Type Bedrock/Common/ 
Exotic 
GR R-1 Neptune 
Range 
LIC 2109 Academy -83.90068 -57.42117 Dover 
Sandstone 
Granite Exotic 
LIC SS qtz R-3 Neptune 
Range 
LIC 2109 Academy -83.90068 -57.42117 Dover 
Sandstone 
Sandstone Common 
LIC SS red R-10 Neptune 
Range 
LIC 2109 Academy -83.90068 -57.42117 Dover 
Sandstone 
Sandstone Common 
YAR4C SS R-4 Patuxent 
Range 
YAR4C 2128 Foundation -84.41921 -66.06037 Patuxent Fm. Sandstone Common 
POR R-5 Patuxent 
Range 
Thomas Hills  
Erratics 
Foundation - - Patuxent Fm. Porphyry Exotic 
YAR4B SS R-7 Patuxent 
Range 
YAR4B 2127 Foundation -84.41954 -66.07202 Patuxent Fm. Sandstone Common 
BRZ R-6 Brazitis 
Nunatak 
Bedrock Outcrop Foundation -84.96946 -67.28427 Devonian 
Sandstone 
Sandstone Bedrock 
YAR1 R-2 Patuxent 
Range 
Bedrock Outcrop Foundation -84.43109 -65.79125 Patuxent Fm. Meta-
sandsone 
Bedrock 
STB R-8 Shackleton 
Range 
LIC 2109 Recovery  -80.8047 -27.24014 Turnpike Bluff 
Gp. 
Greenschist Bedrock 
WAW R-9 Whichaway 
Nunataks 
YAR4C 2128 Recovery  -81.50575 
 
-28.68155 
 
Beacon 
Supergroup 
Sandstone Bedrock  
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Table 3. Pebble classification scheme (igneous, metamorphic, metasedimentary, 
sedimentary) 
  
 
 
 
 
 
 
 
 
     Intermediate/Mafic                        <20% Quartz (qtz), K-spar, Plagioclase
            Porphyry              Coarse feldspar or qtz crystals in a fine-grained groundmass
Igneous
Metamorphic Quartzite
Conchoidal fracture, sugary texture, 
indistinguishable grain boundaries, 
cannot be scratched
Vein Usually composed of quartz, lackingsugary texting of quartzite
Slate Foliated shale with dull luster
Slate/Phyllite Foliated shale with dull to shiny luster depending on degree of metamorphism 
Phyllite/Schist Foliated shale with luster greater than slate/phyllite
Greenschist Green fine-grained foliated rock with shiny luster
Meta-
sedimentary 
Metasandstone
Sandstones that have undergone varying degrees 
of metamorphism, but not to the level of a 
quartzite, grain boundaries still distinguishable
Metasiltstone Grains <63μm, grains too small to determine grade of metamorphism, has dull shiny luster
Metamudstone
May contain some silt grains, grains too 
small to discern, feels waxy on fresh 
surface, has dull shiny luster
Sedimentary Sandstone
Dominated by quartz or feldspar, any grain 
roundness and size (>63μm) with or without 
cement
Siltstone Dominated by grains <63μm, gritty texture
Mudstone Grain size too small to discern, has smooth texture
Shale Bedded or laminated silt, clay, or mud
Limestone Composed primarily of CaC03, effervesces with 3% HCl
Conglomerate
Fragments are >2mm in a matrix of 
finer-grained material, larger fragments and 
matrix are clastic and/or carbonate
Volcaniclastic Contains fragments of volcanic material
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Table 4. Analysis per sample in offshore tills (core name, core depth, size fraction, 
expedition, location, lat/long) 
 
*Hillenbrand et al. (2012) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Core Name Core Depth (cm) Size Fraction (µm) Expedition Location Latitude/Longitude 
PS 1423-2 217-219 63-250 ANT-IV/3 
 
Ronne Trough -74.70, -61.32 
PS 1423-2 262-264 63-125 ANT-IV/3 Ronne Trough  
PS 1423-2 262-264 125-250    
PS 1197-2 320-322 63-125 ANT-II/4 West of Berkner Island -76.36, -53.21 
PS 1197-2 320-322 125-250    
PS 1278-1 44-46 63-125 ANT-III/3 Northeast of Berkner 
Island 
-77.54, -42.13 
PS 1278-1 44-46 125-250    
PS 1216-1 35-36 63-125 ANT-II/4 Filchner Trough -77.69, -37.07 
PS 1216-1 35-36 125-250    
PS 1400-1 216-218 63-250 ANT-IV/3 Filchner Trough -77.55, -36.40 
PS 1400-1 278-280 63-125 ANT-IV/3 Filchner Trough  
PS 1400-1 278-280 125-250    
 45
 
 
 
 
 
Table 5. Particle size data <2mm for onshore tills (%sand, %silt, %clay)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site ID
% SAND
V. Coarse Coarse Medium Fine V. Fine Total Average Coarse Medium Fine V. Fine Total Average Average
HEM
MAM
MAM2
MAR
MOU
MOU2
SIS
SIS2
SUY
WEB
YAR4A
YAR4B
YAR4C
YAR3
YAR2
LIC
LIC2
WAW
WAW2
STB
STB2
SAL1925
% SILT % CLAY
3.2 10.5 13.8 11.0 8.1 46.6
16.8 19.7 9.1 6.1 4.9 56.5
4.5 5.5 4.9 7.1 22.0 31.3
3.0 4.6 4.6 6.5 18.7 23.6
7.3 14.0 8.8 3.3 3.2 36.6 3.2 6.2 6.7 9.0 25.2 37.8
6.2 11.1 10.4 7.1 5.0 39.8 3.1 5.4 6.5 9.2 24.2 35.6
1.0 9.9 20.0 16.1 11.1 58.1 7.4 7.5 5.1 5.9 26.0 15.9
5.4 16.1 17.2 8.1 4.4 51.2 3.1 5.1 5.5 7.5 21.1 27.3
3.0 12.2 14.4 9.0 6.7 45.4 4.6 5.6 4.7 6.9 21.8 32.7
6.5 17.8 15.8 8.5 7.4 56.0 4.5 4.6 4.2 6.4 19.7 24.1
9.8 20.0 19.2 15.6 11.4 76.0 4.9 4.8 3.5 3.6 16.8 6.6
1.2 5.6 7.6 7.8 7.7 30.0 4.7 7.8 9.1 12.0 33.6 36.6
3.6 10.5 14.3 10.5 7.1 46.0 4.4 5.4 5.2 7.5 22.6 36.6
11.3 23.0 16.1 6.1 3.6 59.9 2.4 4.4 4.9 6.6 18.2 21.3
8.7 18.8 15.9 7.9 5.2 56.5 3.2 4.8 5.4 7.6 21.1 22.0
6.6 19.6 16.2 8.1 6.0 56.5 3.6 4.7 4.4 6.2 19.0 24.4
6.1 17.1 16.0 8.0 5.0 52.1 2.9 3.9 4.3 6.8 18.0 29.7
14.0 23.0 13.0 7.4 5.9 63.3
6.5 13.4 9.7 5.8 4.9 40.2
3.4 5.7 5.7 6.6 21.4
3.0 4.9 5.4 7.9 21.1
14.5
38.3
4.2 12.0 19.5 22.4 16.6 74.7
6.6 11.4 14.5 20.2 18.0 70.7
6.8 6.9 4.2 3.2 21.0
8.0 7.7 4.6 3.6 23.9
4.1
5.0
22.4 29.3 14.9 8.6 5.3 80.5
12.5 18.4 15.6 12.1 8.6 67.1
2.2 6.7 13.5 23.0 20.4 65.8
2.0 2.3 2.9 4.4 11.7
3.9 4.8 6.1 7.8 22.6
8.4 10.1 7.0 4.7 30.2
6.2
9.4
3.9
51.1 21.9 27.0
51.8 21.3 26.4
72.7 22.5 4.6
71.1 21.5 6.5
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Table 6. Pebble counts for the onshore till (lithology, presence of glacial 
features)  
 
 
   
CG = Coarse Grained, FG = Fine Grained, F/S = Faceted and/or Striated  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site ID
Foundation
I.S
Academy
I.S
Recovery 
I.S
MOU
MOU2
MAM
MAM2
LIC
LIC2
WEB
MAR
HEM
YAR2
YAR4C
YAR4B
SIS
SIS2
SUY
WAW
WAW2
STB
STB2
METASEDIMENTARY
Metasandstone Metasiltstone Metamudstone
Brown Yellow/Brown Red Red Brown Purple Dk. Purple Pink White/Red White Gray Lt. Gray Dk. Gray Flat Gray Green Green/Tan Black Weathered OtherVeins
5 3 7 146
47651 1
46 27 17
4 15 14
25 51
292 4
4 215
6 2043 3 2
1 25 712 53 2
16 50 59 7 6
F/S F/S
1 6 22 38 2 71
49 124219 2 72
10 79
2 6136
40 749 3
5122 11 2
24112 2
1 320 26
5853 2
2
2
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Table 6 continued. Pebble counts for the onshore till (lithology, presence of glacial 
features)   
Site ID
Foundation
I.S
Academy
I.S
Recovery 
I.S
MOU
MOU2
MAM
MAM2
LIC
LIC2
WEB
MAR
HEM
YAR2
YAR4C
YAR4B
SIS
SIS2
SUY
WAW
WAW2
STB
STB2
SEDIMENTARY
Sandstone
Brown Yellow/Brown RedRed Brown PurpleRed/White White Gray OtherVeins F/STan Dk. Brown Lt. Brown Brown/Gray Pink/Purple Red/Purple White/Pink
Siltstone Mudstone Shale Conglomerate Limestone
166 2 3155 5 30
266 14 14 25 1
1 1 2 5
8 41
3 221118 13
2 1 1 63 23 122
6125 9154
10 312 20 3 27
4 210 164 14
11724
423 6 13 20
8 84 30 19 1
18 15 241 1
13 2282 42
2192614 26 2
33 7 79
3 1
1
1
Volcaniclastic
1
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CG = Coarse Grained, FG = Fine Grained, F/S = Faceted and/or Striated  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 48
 
 
CG = Coarse Grained, FG = Fine Grained, F/S = Faceted and/or Striated  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6 continued. Pebble counts for the onshore till (lithology, presence of glacial 
features)   
Site ID
IGNEOUS
Felsic Intermediate/Mafic
CG FG CG FG
Foundation
I.S
Academy
I.S
Recovery 
I.S
MOU
MOU2
MAM
MAM2
LIC
LIC2
WEB
MAR
HEM
YAR2
YAR4C
YAR4B
SIS
SIS2
SUY
WAW
WAW2
STB
STB2
METAMORPHIC
Quartzite      Veins Slate Slate/Phyllite Phyllite/Schist
1
2
4
1 10 6
119 1
4 1
21 1
1 1 11
1
1 1
1 2 6
1 1
Porphyry
12
11
1 3
11
14 31
2
Greenschist
54
50
1
1
1
1 7 1
11
1 3
1
1
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Shackleton
Range
S70º
E30º
Figure 1. Top figure (A) is the bathymetry of the Weddell Sea Embayment with 
sample sites and the cores used in this study (GeoMapApp). Bottom left figure (B) 
shows ice stream catchments and flow speed in meters/year (Rignot et al., 2011; 
Mouginot et al., 2012). Bottom right figures (C, D) show bedrock geology 
underlying the till sample sites with surface ice elevation contour lines (Tingey, 
1991). Figure C shows bedrock underlying the Foundation and Academy till, while 
Figure D shows bedrock underlying the Slessor and Recovery till. Orange circles = 
offshore cores, purple square = Slessor till, light blue triangle = northern Recovery 
till, dark blue triangle = southern Recovery till, red star = Academy tills, green 
circle = Foundation tills, ETT = Ellsworth Trough tributary, Ms/Mg = Mesozoic 
sedimentary rocks/Mesozoic granitoids, Pze = early Paleozoic sedimentary and 
volcanic rocks, Ps = Proterozoic low grade metamorphic sediments, B = Beacon 
Supergroup, Pg = Cambrian and Ordovician granitoids, Ji = Jurassic Ferrar Group 
a
W60º
Robin Subglacial 
Basin
Figure 1. Bathymetry, ice stream flow velocities, and geology in the WSE; (a): 
bathymetry of WSE with sample sites and cores used in study (GeoMapApp). 
(b): ice stream catchments and flow speed in meters/year (Rignot et al., 2011; 
Mouginot et al., 2012). (c, d): bedrock geology underlying till sample sites with 
surface ice elevation contour lines (Tingey, 1991). (c): bedrock underlying 
Foundation and Academy till. (d): bedrock underlying the Slessor and Recovery 
till. Orange circles = offshore cores, purple square = Slessor till, light blue 
triangle = northern Recovery till, dark blue triangle = southern Recovery till, red 
star = Academy tills, green circle = Foundation tills, ETT = Ellsworth Trough 
tributary, Ms/Mg = Mesozoic sedimentary rocks/Mesozoic granitoids, Pze = 
early Paleozoic sedimentary and volcanic rocks, Ps = Proterozoic low grade 
metamorphic sediments, B = Beacon Supergroup, Pg = Cambrian and Ordovician 
granitoids, Ji = Jurassic Ferrar Group 
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Shackleton Range
Pensacola Mtns.
Ellsworth Mtns.
Ronne Ice Shelf
Filchner
Ice Shelf
Berkner
Island
Ross Ice Shelf
Ellsworth Mtns.
Neptune Range
Patuxent 
Range
Patuxent Range
Academy
LIC
WEB
MOU
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MAR
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SUY
SIS
YAR1
YAR4
YAR2
YAR3
Shackleton 
Range
Whichaway
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SAL1925
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d e
a
Figure 2. Location of onshore and offshore sample sites; Top figure (a) shows 
onshore samples (yellow circles) and offshore samples (orange circles) within 
ice stream drainage basins. Bottom figures show location of onshore samples 
used in this study in the Pensacola Mountains (Patuxent and Neptune Ranges) 
(a, b), Shackleton Range (d), Whichaway Nunataks (d), and Ellsworth 
Mountains (e). Imagery from Quantarctica.com.  
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Figure 3. Probability density plots of zircon age populations in onshore tills 
Probability density plots showing the peak zircon age populations in onshore tills 
transported by the Institute, Foundation, Recovery and Slessor ice streams. The 
Academy Glacier is not shown because it flows into the Foundation and has a very 
similar zircon distribution. The fingerprint of each ice stream is as follows: the higher 
proportion of 560Ma relative to 1070Ma zircon ages in the Institute till, the higher 
proportion of 505Ma relative to 1030Ma ages in the Foundation till, the presence of 
both 530Ma, 1040Ma, and 1610Ma ages in the Recovery till, and peaks older than 2Ga 
in the Slessor till. Bin widths are 20Ma and x-axis was cut off at 3Ga, as there were no 
significant older peaks. Dotted lines represent Ross and Grenville ranges taken from 
Licht et al. (2014) and Goodge et al. (2010).  
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Figure 4. Probability density plots of zircon age populations in Foundation Ice Stream 
tills, local bedrock, and common sandstones; show peak zircon age populations in FIS 
onshore tills (a-g), local Patuxent Formation bedrock (h), and potential non-local 
sedimentary sources for till (i-k). Bedrock and sandstones have similar peaks to tills, 
but tills have ages that likely come from other sources. Brazitis Nunatak bedrock has 
similar age populations to tills. Bin widths = 20Ma and x-axis cut off at 2Ga, as there 
were no significant older peaks. Dotted lines represent Ross and Grenville ranges taken 
from Licht et al. (2014) and Goodge et al. (2010).
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Figure 5. Probability density plots of zircon age populations in Pleistocene tills vs. 
Holocene tills; Top figure shows probability density plots of the peak zircon age 
populations in “younger” tills (MAM2, MOU2, MOU, SIS) that are Holocene in age. 
Bottom figure shows probability density plots of the peak zircon age populations in 
“older tills” (YAR4C, YAR2, HEM) that are Pleistocene in age. Bin widths are 20Ma 
and x-axis was cut off at 2Ga, as there were no significant older peaks. Dotted lines 
represent Ross and Grenville ranges taken from Licht et al. (2014) and Goodge et al. 
(2010). 
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Figure 6. Probability density plots of zircon age populations in FIS tills, Academy 
Glacier tills, potential non-local sedimentary till sources, and igneous erratics in 
Academy Glacier and FIS deposits; Probability density plots show peak zircon age 
populations in FIS onshore tills (a), Academy Glacier (b), potential non-local 
sedimentary till sources (c, d), igneous erratics in Academy Glacier and FIS deposits (e, 
f), local Patuxent Formation bedrock for both the Foundation Ice Stream and Academy 
Glacier (g). Academy till has similar peaks to FIS tills but with different proportions, and 
to some ages in the sandstones (c,d) and local bedrock (g). 510Ma and 515Ma peaks in 
LIC Granite and FIS Porphyry are core ages, older peaks represent rims. Dotted lines 
represent Ross and Grenville ranges from Licht et al. (2014) & Goodge et al. (2010). 
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Figure 7. Probability density plots of zircon age populations in Recovery Glacier 
bedrock and tills; Probability density plots showing the peak zircon age populations in 
onshore till (a, c) and contrasting bedrock (b, d) on both sides of the Recovery Glacier. 
The bedrock of Stephenson Bastion (north side) and Whichaway Nunataks (south 
side) has similar age populations to the till. Bin widths are 20Ma and x-axis was cut 
off at 3Ga, as there were no significant older peaks. Dotted lines represent Ross and 
Grenville ranges taken from Licht et al. (2014) and Goodge et al. (2010). 
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Figure 8. Probability density plots of zircon age populations in offshore tills 
Probability density plots showing the peak zircon age populations in offshore till.     
U-Pb ages in detrital zircons from offshore till samples show a general trend of 
decreasing Mesozoic ages from west to east. The western most core, PS 1423-2, has 
dominant Jurassic populations with secondary Cretaceous and Ross/Pan-African ages. 
Cores 1197-2 and 1278-1 have a high proportion of early Ross/Pan-African ages 
relative to Grenville ages, and have distributions similar to the Foundation. In PS 
1400-1 the signal from Proterozoic age populations in onshore till indicative of the 
Slessor Glacier and northern side of the Recovery Glacier is muted, as most age peaks 
in the offshore till are Ross/Pan-African and Grenville.  Bin widths are 20Ma and x-
axis was cut off at 3Ga, as there were no significant older peaks. Dotted lines 
represent Ross and Grenville ranges taken from Licht et al. (2014) and Goodge et al. 
(2010). 
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Figure 9. Probability density plot of zircon age populations in the Frasier Ridge 
Formation (Flowerdew et al., 2007) 
        0                                  1000                               2000                               3000 
                                                                            
                                                             Age (Ma) 
610 Ma 1070 Ma
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Figure 10. Concordia plot showing zircon age clusters in the Patuxent 
Formation (Rowell et al., 2001) 
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Patterned ground
Figure 11. Location of “older” Pleistocene vs. “younger” Holocene tills in the 
Thomas Hills and Patuxent Range  
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Figure 12. Ice stream reconstructions during LGM; Top figure (Scenario A) is the 
first scenario for ice stream reconstructions during LGM. A = Evans, B = Rutford, C 
= Institute, D = Institute/Moller, E = Foundation, F = Academy, G = Support Force, 
H = Recovery, I = Slessor, J = Bailey. Institute Ice Stream has more of a westerly 
flow and deposits till in between PS 1423-2 and PS 1197-2, allowing FIS to flow 
west around Berkner Island (BI) and Support Force and Recovery to dominate flow 
into Filchner Shelf. Bottom figure (Scenario B) is second scenario for ice stream 
reconstructions during LGM. The Institute Ice Stream has more of an easterly flow 
path and deposits till near PS 1197, forcing FIS into an easterly flow path around BI.   
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Figure 13. Zircon, biotite, and hornblende ages from around the continent (Pierce et 
al., 2014)  
13a. U-Pb zircon chronometer 
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Figure 13. Zircon, biotite, and hornblende ages from around the continent (Pierce et 
al., 2014)  
13b. 40Ar/39Ar biotite chronometer  
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Figure 13. Zircon, biotite, and hornblende ages from around the continent (Pierce et 
al., 2014)  
13c. 40Ar/39Ar hornblende chronometer  
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Figure 14. Distribution of heavy mineral assemblages (fine-sand fraction) in 
glacial-marine surface sediments (Diekmann & Kuhn, 1999).  
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Figure 15. Modelled flow of the Antarctic ice sheet during the Last Glacial 
Maximum (Golledge et al., 2013) 
 66
Appendix A: Ten common, exotic, and bedrock cobble/pebbles chosen for U-Pb 
analysis 
 
 Of the 10 pebble/cobble samples, 3 represent the local bedrock that the 
Foundation Ice Stream, Academy Glacier, and Recovery Glacier transport. Gray fine-
medium grained metasedimentary pebbles (YAR1 R-2) of the Patuxent Formation 
represent the local component in the Foundation Ice Stream and Academy Glacier (Appx. 
A-1). Since the Recovery Glacier has contrasting bedrock geology on both sides, pebbles 
from the tills inferred as bedrock based on angularity, abundance, and like composition to 
bedrock described in literature were taken. WAW R-9, a gray/brown fine-medium 
grained sandstone, represents the local component near the Whichaway Nunataks and has 
similar composition to the outcropping Whichaway Formation of the Beacon Supergroup 
described in Stephenson (1966) (Appx. A-2). STB R-8 represents the other side of the ice 
stream near Stephenson Bastion and is a greenschist, or metamorphosed sedimentary rock 
with chlorite crystals from low-grade metamorphism (Appx. A-3). STB R-8 has a similar 
composition to the Turnpike Bluff Group, composed of greenschists and described as the 
bedrock of Stephenson Bastion in Faure and Mensing (2010).  
 YAR4B SS R-7 and YAR4C SS R-4 are common rocks found in the pebble 
fraction of Foundation Ice Stream till deposits, which suggests a nearby source. YAR4B 
SS R-7 is a white fine-medium quartzose sandstone with portions of iron staining (Appx. 
A-4), while YAR4C SS R-4 is a white-brown quartzose sandstone without iron staining 
(Appx. A-5). These rocks were chosen to represent common detritus the Foundation Ice 
Stream is carrying. POR R-5 is a porphyry, or an igneous cobble consisting of coarse 
grained crystals in a fine-grained matrix, found in till deposits along the Foundation Ice 
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Stream (Appx. A-6). This uncommon lithology can offer insight into more distal source 
units.  
 LIC SS qtz R-3 and LIC SS red R-10 are common rocks found in the pebble 
fraction of Academy Glacier till deposits, which also suggests a proximal source. LIC SS 
qtz R-3 is a white-brown medium grained quartzose sandstone (Appx. A-7), while LIC 
SS red R-10 is a red medium-grained quartzose sandstone (Appx. A-8). Since they are 
ubiquitous in the pebble fraction, and the till has a reddish tint to it as well, they were 
chosen to represent common detritus the Academy Glacier is carrying. GR R-1, a granitic 
cobble, is an uncommon lithology found in this ice stream’s till deposits that can also 
offer insights into source units that may not be in close proximity (Appx. A-9). Sample 
BRZ R-6 is a coarse-grained quartzose sandstone taken from bedrock of the Devonian 
Sandstone farther upstream (Appx. A-10). This cobble’s lithology is common in the 
pebble fraction of Foundation Ice Stream and Academy Glacier tills, thus it was chosen 
to compare to till age populations. 
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Appendix A-1.  
Appendix A-2.  
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Appendix A-3. 
Appendix A-4. 
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Appendix A-5  
Appendix A-6.  
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Appendix A-7. 
Appendix A-8. 
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Appendix A-9. 
Appendix A-10. 
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Appendix B: Optical properties used to identify and hand pick offshore zircons for 
U-Pb analysis 
 
After LST and MEI separation, zircons were hand-picked from the 63-125 µm 
and 125-250 µm size fractions based on a variety of optical identification properties. All 
minerals from the heavy liquid separation were placed in petri dishes and partitioned into 
multiple sections. Under non-polarized light, grains that displayed a euhedral prismatic or 
rounded shape with high relief, adamantine luster, and colorless, light pink or light-
yellow color were chosen. One of the most important properties to distinguish zircon 
from other minerals was very high birefringence under polarized light. This process was 
completed three times to ensure that cores produced an adequate number of grains to 
yield significant age populations. All cores yielded significant age populations except for 
PS 1216-1. After the identification process was completed, all grains were mounted on 
Copper tape to have backscattered electron images (BSE) and element maps created to 
verify their identity.    
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Appendix C: Statistical tests used to analyze interpreted U-Pb zircon ages  
 
 Interpretations are based on analyses that fulfill the discordance requirements and 
are displayed via Pb/U concordia diagrams and relative-age probability plots. Pb/U 
concordia diagrams show two decay systems (238U  206Pb and 235U  207Pb) and plot 
206Pb/U238 versus 207Pb/U235 as a function of age. Relative-age probability plots show the 
age and its uncertainty for each analysis as a normal distribution. Summing all ages and 
errors produces the curve for the sample. (Paulsen et al., 2011). The peak heights of the 
age distribution curves are a function of the number of grains at a particular age and the 
precision associated with that analysis (Bader, 2014).  
 Interpreted ages were also analyzed using Kernel Density Estimation (KDE). 
Relative-age probability plots are a commonly used method to display interpreted zircon 
ages, however, it has been argued by Rudge (2008) and Vermeesch (2012) that using 
Kernel Density Estimation can be a powerful and potentially more robust tool. The KDE 
is a function that stacks a Gaussian bell curve on top of each zircon age measurement, 
whose standard deviation is determined by the local probability density (Vermeesch, 
2012). Relative age probability plots also use a Gaussian bell curve, but base standard 
deviation off of the analytical precision of the instrument used (Vermeesch, 2012). Using 
DensityPlotter as suggested in Vermeesch (2012), the KDE was carried out for all 21 
samples collected in 2014.   
The Kolmogorov-Smirnov test (K-S test) was also used to analyze the interpreted 
ages. The K-S test compares zircon age distributions to determine if two samples could 
have been derived from the same parent population at a level of 95% confidence. The test 
uses a stepwise cumulative probability distribution of the measured ages and calculates a 
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test statistic based on the maximum distance between the distributions being compared 
(Sircombe and Hazelton, 2004). Cumulative probability density plots are one result of the 
K-S test, which aid as another tool to visually compare age distributions between 
individual and groups of samples. The K-S test was run for all 21 samples sent for U-Pb 
dating, and cumulative probability plots were created to help compare groups of samples.  
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Appendix D: U-Pb analysis results of detrital zircons  
Onshore Zircons 
Foundation Ice Stream Tills 
SIS 
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Recovery Glacier Tills 
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Brazitis Nunatak Sandstone 
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Academy Glacier Rocks 
LIC White Sandstone 
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LIC Red Sandstone 
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Granite 
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Whichaway Nunataks Bedrock  
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Stephenson Bastion Bedrock  
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Offshore Zircons 
PS 1423 217-219 cm  
63-250 µm 
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PS 1423-2 262-264 cm 
63-125 µm 
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PS 1278-1 44-46 cm 
63-125 µm 
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PS 1216-1 35-36 cm  
63-250 µm  
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PS 1400-1 216-218 cm  
63-250 µm 
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PS 1400-1 278-280 cm  
63-125 µm 
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Appendix E: Kernel Density Estimate (KDE) plots 
Onshore Tills 
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Appendix F: Kolmogorov-Smirnov (K-S) Test results  
All Onshore Tills 
 
 
 
All Offshore Tills 
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PS 1423-2 217-219 cm vs. Onshore Tills 
 
 
PS 1423-2 262-264 cm vs. Onshore Tills 
 
 
PS 1197-2 320-322 cm vs. Onshore Tills  
 
 
PS 1278-1 44-46 cm vs. Onshore Tills  
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PS 1216-1 35-36 cm vs. Onshore Tills  
 
 
PS 1400-1 216-218 cm vs. Onshore Tills  
 
 
PS 1400-1 278-280 cm vs. Onshore Tills 
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Appendix G: Overlap-Similarity Test for offshore tills 
All Offshore Tills 
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PS 1216-1 35-36 cm vs. Onshore Tills 
 
 
PS 1400-1 216-218 cm vs. Onshore Tills 
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PS 1400-1 278-280 cm vs. Onshore Tills 
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